1.. Introduction & overview
===========================

Heterogeneous catalysis remains at the core of chemical manufacturing with approximately 80--90% of chemical processes relying on the use of catalysts, generating global sales of around 1.5 trillion US \$.[@cit1] Improvements for catalytic processes heavily rely on finding better catalysts, but significant progress seems to have stalled in the past two decades and most industrially relevant processes are performed in the same or a similar manner as at the end of the last century. Innovations should go beyond improving catalyst synthesis recipes. In this regard, auxiliary promotion where the effectiveness of a process is altered by exploiting various physical phenomena is attracting increasing attention. They can be loosely divided into two categories -- the activation of reagent molecules before catalytic reactions and the modification of the catalyst surface to exhibit higher reactivity. For the former, plasma- and electromagnetic activation of molecules in the liquid and gas phases have potential, especially in accelerating the reactions of notoriously inert molecules like N~2~, CH~4~ and CO~2~ ([Fig. 1](#fig1){ref-type="fig"}, top). For the latter, the electronic structure of catalyst surfaces is altered either by applying an electric potential on the catalyst surface, placing the catalyst into an external electric field or using electromagnetic waves to induce charge fluctuations. In addition, magnetic fields as well as mechanic strain applied to metallic surfaces have been shown to effectively modify heterogeneous catalysis ([Fig. 1](#fig1){ref-type="fig"}, bottom). In this perspective, the physical background of each promotion technique will be briefly introduced with specific examples where enhanced activity or selectivity has been reported before. Similarities and differences between those methods will be highlighted and future prospects will be provided for each method as well as general aspects of auxiliary promotion. Although the value of heating catalyst particles locally by *e.g.* plasmonic or induction heating has been demonstrated before, those effects will not be considered in this perspective. Dynamic field promotion -- a concept only recently proposed -- will be discussed and put into context with existing methods.[@cit2] Despite the existence of more detailed and comprehensive reviews on specific promotion methods,[@cit3]--[@cit8] this perspective to our knowledge represents the first attempt to unify auxiliary promotion in heterogeneous catalysis.

![An overview of different auxiliary promotion methods in the reaction media and on the catalyst surface.](c9sc05947d-f1){#fig1}

2.. Activation of reagents in reaction media
============================================

2.1. Activation of reagents by electromagnetic waves
----------------------------------------------------

Various interactions of electromagnetic waves with chemical compounds range from the specific excitation of rotational states by low energy waves to changes of electronic states by high energy waves. In principle, many promotion methods can be envisioned where those excited gas phase species are used for heterogeneous catalytic processes.[@cit9] It is therefore rather surprising that in fact those techniques have been explored to a small extent. One effect highlighting the strong capabilities of electromagnetic waves in promoting catalysis is vibrational strong coupling (VSC). Coupling molecular transitions to the vacuum field of a cavity mode leads to Rabi splitting of vibrational states into vibro-polaritonic states (P^+^ and P^--^). The Rabi splitting energy is given as:![](c9sc05947d-t1.jpg){#ugt1}with *d* as the transition dipole moment of the material, *ħω* as the resonant energy, *ε*~0~ as the vacuum permittivity, *v* as the volume of the electromagnetic mode, and *n*~ph~ as the number of photons involved in the coupling process ([Fig. 2A](#fig2){ref-type="fig"}). This splitting is only observable when resonant components exchange faster than any decay process occurs. One amplitude of the electromagnetic wave covers around 10^5^ molecules which can then have *N* + 1 collective states (*N*... number of molecules) with *N* -- 1 transitions (only P^+^ and P^--^ are visible; others are forbidden and thus dark). The strength of the collective coupling may reach 1 eV and thus, this effect is called strong coupling.[@cit4]

![Auxiliary promotion methods in the reaction media; (A) schematic representation of the strong coupling of light and matter in resonance with a Fabry--Pérot cavity mode resulting in the splitting of polaritonic states with the Rabi splitting energy *ħ*Ω~R~; (B) depiction of the competing site--selective reaction pathways when substrates are in a vibrational strong coupling environment, reproduced from [@cit11] with permission from the American Association for the Advancement of Science, copyright 2019; (C) schematic for the plasma-assisted activation of N~2~ in the gas phase resulting on a decrease in activation energy dependent on the Fridman α factor; (D) prediction of the rate-enhancement under plasma-on *versus* plasma-off conditions estimated by microkinetic modelling for (left) step and (right) terrace sites under the following reaction conditions: *T*~gas~ = 473 K, *T*~vib~ = 3000 K, and conversion = 1%, reproduced from [@cit23] with permission from Springer Nature, copyright 2018.](c9sc05947d-f2){#fig2}

Experimentally, this has been realized by using a Fabry--Pérot cavity with an appropriate distance of two reflective surfaces. The effect of VSC was investigated for the cleavage of silanes by a fluoride salt. It was observed that upon placing the reaction mixture into a cavity with the cavity mode in resonance with the substrate Si--C bonds, the reaction rate decreased by a factor of 5.5. Furthermore, the activation enthalpy and entropy changed significantly under the effect of VSC indicating a change in the reaction mechanism.[@cit10] This approach was recently extended to the chemoselective silyl bond cleavage reaction of a molecule with one C--Si and one O--Si bond ([Fig. 2B](#fig2){ref-type="fig"}). By choosing a cavity in resonance with either of the bonds, the reaction rate drastically reduced and thus, the silyl bond cleavage reaction became more selective for the bond out of resonance.[@cit11] In the aforementioned two examples, the chemical reactivity was selectively reduced but recently, the promotion of reactivity has been achieved by coupling the resonance of a solvent with a substrate both of which contain a ^12^C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O bond. When the Fabry--Pérot cavity resonance matched the resonance of the ^12^C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O bond, a reaction rate enhancement of almost 11 times was achieved. Kinetic isotope effects with ^13^C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O labelled solvent revealed that the reaction rate was indeed decreased by almost an order of magnitude even when the cavity size was adjusted to the new resonance frequency of the ^13^C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O labelled solvent.[@cit12] More recently, this approach was used for the enhancement of enzymatic catalysis by matching the cavity mode with the stretching vibration of water enhancing the apparent second order rate constant by a factor of 4.5. Thus, VSC could be potentially used to clarify the contribution of the modes of certain molecules in (bio)chemical reactions.[@cit13] Although the VSC effect has so far not been used to promote heterogeneous catalytic reactions, device geometries allowing for this possibility to be explored should be developed. Furthermore, the above example demonstrates the enormous potential of electromagnetic waves in altering and promoting chemical reactions with transition dipole moments.

Microwaves (MWs) as a form of electromagnetic radiation with wavelengths ranging from about one meter to one millimeter are commonly employed for accelerating gas and liquid phase catalysis. Although resonant (non-thermal) promotion mechanisms have been proposed previously, no conclusive evidence for such an effect was shown. In fact, the energy of MWs is too low to excite even vibrations of molecules but merely achieves rotational excitation of reactants. According to the Debye model, molecules experience frictional damping in a condensed phase, making the direct absorption of radiation by resonant processes unlikely. Therefore, it should be assumed that MWs do not specifically excite molecules into more 'reactive' rotational states but solely heat up the reaction mixture.[@cit14],[@cit15] Although MWs are praised for their ability to rapidly and selectively heat mixtures based on the dielectric loss of their components,[@cit16] they do not fall into the category of catalytic promotion as defined here.

2.2. Activation of reagents by plasma
-------------------------------------

Another technique for the activation of reactant species in the reaction medium is plasma, the state where nuclei are stripped of some of their surrounding electrons generating an electrically conductive gas of highly excited molecules. Although this sounds like an ideal environment to force normally inert molecules into rearranging their chemical bonds, applying heterogeneous catalysis in a plasma is not straightforward. Dating back to the very beginning of chemical nitrogen fixation, the Birkeland--Eyde process included the direct oxidation of N~2~ to nitrogen oxides using an electrical arc generating a plasma at 3000 °C.[@cit17] Although this process has not proven economically competitive with the Haber--Bosch process, plasma catalytic processes have been under development since then. Roughly there are two types of plasma relevant for catalysis, thermal and non-thermal. When free electrons and heavy particles are in thermal equilibrium with each other, the plasma can reach temperatures of a few thousand degrees Celsius whereas the plasma temperature is normally within 300--1000 K in case hot electrons are not in equilibrium with heavier components. A strong synergy between heterogeneous catalysis and plasma is reported for example related to the *in situ* photon generation and catalyst morphology or oxidation state changes, some of which go beyond the scope of this perspective.[@cit5],[@cit18] Non-thermal plasmas are particularly suitable to generate vibrationally excited gas molecules. Considering Polanyi\'s transition state theory which stated that late transition states (TSs) occurring for endothermic processes are more dependent on vibrational energy contributions,[@cit19] most plasmas used for catalysis target reactions with late TSs such as ammonia synthesis and methane dry reforming. Even though a large body of literature exists on plasma promoted catalysis,[@cit5],[@cit18],[@cit20]--[@cit22] we will here focus on one recent study exemplifying its key differences to thermal catalysis.

For the thermal hydrogenation of N~2~, scaling relationships have been well established, identifying step sites on monometallic Ru as most active. Metals with a strong N binding energy tend to activate N~2~ efficiently but have trade-offs in the subsequent hydrogenation and ammonia desorption steps. On the other side, metals with a lower affinity to N are efficient in hydrogenation and product desorption but lack N~2~ activation capabilities. Microkinetic models have been used to elucidate the effect of plasma activation of N~2~ in ammonia synthesis. By including a parameter called the Fridman factor α to link the vibrationally excited reactant energy state with the change in transition state energy, the impact of plasma activation becomes quantifiable. For metals with low α, the activation energy remains unchanged with vibrational excitation of nitrogen molecules thus reducing the overall apparent activation energy of N~2~ dissociation ([Fig. 2C](#fig2){ref-type="fig"}). When further considering the non-Boltzmann distributed population of highly excited vibrational states by non-resonant vibrational--vibrational energy transfer within the microkinetic model for ammonia synthesis, new scaling relationships specific to plasma catalysis can be developed. On step sites, it is apparent that in a plasma Ru is no longer the metal with the highest predicted TOF but metals that previously exhibited high N~2~ activation barriers (like Co and Ni) feature predicted TOFs a few orders of magnitude above that of Ru. Furthermore, terrace sites on Ru metal exhibit TOFs similar to those of step sites when catalysis is done in a plasma indicating that plasma significantly affects active site requirements for catalytic reactions ([Fig. 2D](#fig2){ref-type="fig"}). Encouragingly, it has been experimentally demonstrated that in plasma Co nanoparticles are more active for ammonia synthesis than Ru and Fe.[@cit23] This example highlights the usefulness of plasma promotion for achieving chemical reactivity that is unprecedented for thermal catalysis. However, common reaction rate enhancements due to the addition of catalysts in the plasma process are rather low and the current relatively high energy requirements for plasma generation and the troublesome scalability of plasma processes hinder their implementation in chemical industries.[@cit24],[@cit25]

3.. Catalyst surface activation
===============================

Significant efforts have been devoted to promoting the catalytic properties of metallic nanostructures by means of electric polarization and induction of strain or external magnetic fields. In contrast to promotion processes in reaction media introduced in the last section, modifications of the catalyst surface are often relatively better developed and understood. It is well known that surface charges affect the activity of catalysts for various chemical transformations and the design of catalyst materials has relied on this principle by employing bimetallic alloys, the support of transition metal particles on electron-donating or withdrawing supports, interfacing with semiconductors and strain effects to name a few. It may be more desirable, however, to be able to tune the surface polarization of a catalyst dynamically during the catalytic reactions. Many methods have been developed for achieving this, the most prominent of which are summarized below.

3.1. Electromagnetic waves
--------------------------

Interactions of light with solid materials are complex, depending significantly on the choice of metal as well as the size and shape of inorganic nano-objects. In traditional photocatalysis, photons with sufficient energy excite electrons from the valence band into the conduction band of semiconductors. This separated electron--hole pair then drive the chemical reaction. Those advances will not be discussed here in detail as they do not represent an auxiliary promotion method. When incident light falls on the metal--dielectric interface of nano-objects of an appropriate element, size and shape, a surface wave from oscillations of conduction electrons is formed leading to pronounced surface polarization. This effect is called surface plasmon resonance and has been investigated predominantly for spectroscopy, imaging and sensing applications. More recently, this effect was also explored for promoting heterogeneous catalysis. Indeed, shining visible light on small metal nanoparticles enhances their activity in oxidation reactions[@cit26]--[@cit28] and the hydrogenation of unsaturated bonds.[@cit29]

For the epoxidation of ethylene over Ag nanoparticles, the activity increased by a factor of 4 upon visible light irradiation at 450 K. The rate-determining step is believed to be O~2~ activation. By polarizing the Ag surface, transient negative ions (TNIs) are formed, *e.g.* O~2~^--^. These TNIs have a different equilibrium bond distance than O~2~ in the ground state and thus, the ions reorganize if the lifetime of the TNIs is sufficiently high. During the process of TNIs falling back into their electronic ground state, the reformed O~2~ will not fall back into the vibrational ground state but stay in an excited state according to the Franck--Condon principle ([Fig. 3A](#fig3){ref-type="fig"}). This resulting vibrational excitation is then responsible for the enhanced O~2~ dissociation activity of plasmonic particles.[@cit26]

![(A) Different reaction pathways driven by plasmonically excited electrons; (B) creation of hotspots by an interaction of photons (1) from a source, (2) scattered elastically from other plasmonic nanoparticles or (3) scattered inelastically from adsorbates, reproduced from [@cit27] with permission from Springer Nature, copyright 2012.](c9sc05947d-f3){#fig3}

A multi-electron excitation model was developed based on the finding that the quantum efficiency scales super-linearly with the light intensity above a certain threshold light intensity. This threshold is determined by the frequency of vibrational excitation which depends on the electron flux compared to the thermal dissipation of excited state energy. Photons elastically scattered from adjacent Ag nanoparticles as well as inelastically scattered from O~2~ enhance the photon intensity within certain hotspots where multiple electron excitation may occur ([Fig. 3B](#fig3){ref-type="fig"}).[@cit27]

Plasmonic bimetallic Cu--Ru alloys were recently investigated for a hot electron mediated ammonia decomposition reaction. Light illumination at the surface plasmon resonance frequency (550 nm) of the material enhanced the H~2~ production rate by a factor of 12--13 and remarkably decreased the apparent reaction energy barrier from 117 kJ mol^--1^ without light irradiation to 34 kJ mol^--1^. Based on kinetic measurements, the rate-determining step was changed from associative desorption of N~2~ for the thermocatalytic process to N--H bond scission under light illumination. This was rationalized by transfer of hot electrons to adsorbed N and the subsequent electronically excited Ru--N species then undergoing associative desorption with a lower activation barrier.[@cit30] Overall, the interaction between electromagnetic waves and matter needs to be understood better and plasmonic heating effects need to be clearly differentiated from hot electron-driven chemistry[@cit31] to allow the design of better plasmonic catalysts and processes.

3.2. Electric potential and electric field
------------------------------------------

The direct application of an electric potential to the catalyst surface has been developed and explored widely throughout the past few decades. Significant improvements for non-faradaic electrocatalysis have been demonstrated for a variety of reactions. The efficiency at which charge is transferred to promote an electrochemical reaction is termed the faradaic efficiency. When an electric potential is applied to a metal surface, a small current flows to or from the metal surface. The value of the faradaic efficiency is given by the ratio of the increase in the catalytic rate to the magnitude of the current required to produce the applied potential. If the faradaic efficiency is greater than one, the reaction system under the applied potential is considered "non-Faradaic",[@cit7] meaning the current does not simply act as a charge provider but instead modifies the system energetically, for example by altering the work function of the catalyst surface. This was demonstrated experimentally by applying an electric potential to a catalyst surface, increasing the steady-state catalytic rate of the reaction by up to several orders of magnitude higher than the current flow to or from the catalyst surface, an effect called the non-faradaic electrochemical modification of catalytic activity (NEMCA). The NEMCA effect stemmed from the alteration of the catalyst work function due to polarisation of the catalyst surface caused by a spillover of charges, and the rate of the catalysed reaction had been shown to vary exponentially with the average catalyst work function.[@cit32] The electric potential applied to the catalyst electrode is equal to Δ*Φ*, where eΔ*Φ* is the change in the work function of the catalyst surface. The variation of the catalytic rate, *r*, is given by:![](c9sc05947d-t2.jpg){#ugt2}where *r*~0~ is the open-circuit catalytic rate, *α* and *Φ*^\*^ are constants that depend on the reaction and catalyst, *e* is the elementary charge, *k*~B~ is the Boltzmann constant and *T* is the temperature. The value of the constant *α* is normally between 1 and --1. As *eΦ* increases, the catalytic rate increases exponentially for electrophobic (or nucleophilic) reactions, in which the rate-determining step involves the breaking of a bond between the metal catalyst and an electron-acceptor adsorbate. On the other hand, the catalytic rate decreases with increasing e*Φ* for electrophilic reactions, whose rate is limited by the cleavage of a bond within an electron-acceptor adsorbate.

The NEMCA effect was demonstrated by supplying or removing oxide anions, O^2--^, at the metal catalyst through the use of an O^2--^ conductor such as the gas impervious zirconia solid electrolyte under an applied electric potential.[@cit32]--[@cit36] A metal counter electrode was used to supply O^2--^ to the catalyst surface, inducing a spillover of O^2--^ and thus altering the catalyst work function ([Fig. 4A](#fig4){ref-type="fig"}). A linear correlation was found between the applied potential, the change in the catalyst work function and the reaction rate enhancement for the combustion of ethylene ([Fig. 4B](#fig4){ref-type="fig"}). Similarly, for 12 gas phase reactions occurring on Pt, Pd or Ag surfaces and involving the oxidation of hydrocarbons, methanol or carbon monoxide, the increase in the catalytic rate ranged from 5 to 3 × 10^5^ times of the rate of supply or removal of O^2--^ while the ratio ![](c9sc05947d-t3.jpg){#ugt3} ranged from 1.5 to 55, for values of *e*Δ*Φ* between 0.3 and 1 eV.[@cit37] The NEMCA effect is hence not restricted to a specific metal catalyst or reaction and forms the basis in modelling the relationship between the catalyst work function and catalytic rate in heterogeneous catalysis. The reversible migration of electrolyte components on metal surfaces has been unambiguously demonstrated by atomically resolved Scanning Tunnelling Microscopy.[@cit38]

![(A) In principle catalyst bed setup for electrochemical promotion reactions; (B) effect of the work function on the activation energy and catalytic enhancement ratio under constant adsorbate coverage, reproduced from [@cit32] with permission from Springer Nature, copyright 1990; (C) transient effect of a constant applied potential of +2 V on the catalytic rates of CH~4~ and CO formation from CO~2~ on Ru/YSZ, reproduced from [@cit41] with permission from ChemPubSoc Europe, copyright 2014; (D) cross-sectional view of the electrochemical/electrical MoS~2~ HER cell; (E) polarisation curves of the HER in 0.5 M H~2~SO~4~ depending on the back-gated bias *V*~BG~, reproduced from [@cit42] with permission from the American Chemical Society, copyright 2019.](c9sc05947d-f4){#fig4}

In addition to electrochemical reactions using solid electrolytes, the NEMCA effect was also shown for reactions using aqueous electrolytes, specifically the oxidation of H~2~ to H~2~O on a platinum electrode in aqueous KOH.[@cit39] Using 20 wt% finely dispersed Pt supported on graphite, it was observed that an applied electric potential of 1 to 2 V enhanced the overall catalytic rate by up to 5 times. Under the applied potential, the rate of O~2~ consumption increased to 310% while the rate of H~2~ consumption increased to 344% compared to their respective open-circuit values, giving a faradaic efficiency of up to 20. The catalytic rate depended exponentially on the applied potential, similar to the trend observed for reactions using solid electrolytes. Furthermore, experiments conducted at different partial pressures of O~2~ and H~2~ confirmed that a higher applied potential increased the catalyst work function, weakening the Pt0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O chemisorptive bond and strengthening the Pt--H bond as expected (here, O~2~ is the electron acceptor while H~2~ is the electron donor). Therefore, an applied electric potential influences both the adsorption energies and the surface reaction kinetics.

More recently, the oxidation of H~2~ in aqueous alkaline media was investigated using carbon-supported Pt, Rh and Pd catalysts.[@cit40] Under alkaline conditions and with a positive potential applied, OH^--^ ions are attracted to and subsequently adsorbed on the surface, inducing a strong polarisation and altering the work function of the catalyst as well as the adsorption energies. For the Pt electrode, it was shown that small positive currents enhanced the catalytic rate by up to 3 times and the maximum faradaic efficiency observed was 24. For both the Rh and Pd electrodes, positive currents similarly enhanced the catalytic rate, but the rate enhancement seemed to be irreversible, unlike most other systems investigated. In the case of the Rh electrode, the NEMCA effect was only observed under reducing conditions, *i.e.* when the partial pressure of H~2~ was about 2.5 times that of O~2~, and the maximum faradaic efficiency was 20. For the Pd electrode, a faradaic efficiency of up to 11 was observed under strongly oxidising conditions. Those results indicate that NEMCA occurs on different metal surfaces, but the extent varies significantly.

Electrochemical promotion using an applied electric potential was also demonstrated for reactions related to environmental concerns like the hydrogenation of CO~2~ to CH~4~ and CO on a nanodispersed Ru--Co catalyst (2% and 15% respectively) deposited on a proton-conducting solid electrolyte.[@cit43],[@cit44] As the applied potential was varied between 0 and 1.5 V, a faradaic efficiency of up to 60 was achieved while the selectivity of CH~4~ ranged between 16% and 41%. The production of CH~4~ was electrophobic while the production of CO was electrophilic. The rates of these two reactions always changed in opposite directions, implying that they were parallel instead of consecutive. The hydrogenation of CO~2~ was also studied using β′′-Al~2~O~3~, a Na^+^-conducting solid electrolyte.[@cit41],[@cit45] Applying a constant potential of +2 V to the Ru-catalyst film deposited on YSZ could have drastically different effects on the catalytic rates of formations of CH~4~ and CO under certain conditions. Specifically, the rate of CH~4~ formation was increased by 80% with a large positive faradaic efficiency of +120 while the rate of CO formation was decreased by 20% with a small negative faradaic efficiency of --4 ([Fig. 4C](#fig4){ref-type="fig"}). Through a series of experiments using the Ru/β′′-Al~2~O~3~ catalyst, it was found that the methanation reaction exhibited a positive order with respect to H~2~ and a positive-to-zero order with respect to CO~2~, while CO formation displayed a negative order in H~2~ and a positive order in CO~2~. Under a negative potential applied, methane formation was promoted while CO production exhibited electrophilic behaviour. A more positive applied potential led to a higher Na coverage, with full Na coverage achieved at around 1 V. At a higher applied potential and hence Na coverage, electrophobic behaviour was observed for CO formation and there was a maximum in the rate as the applied potential was increased. A similar reaction, the reduction of CO~2~ to formate using Pd nanoparticles in KHCO~3~ aqueous solution, was also investigated.[@cit46] A negative applied potential of --0.2 V enhanced the catalytic rate up to 143 times for 2.4 nm Pd. The maximum rate enhancement ratios for 3.7 nm and 7.8 nm Pd were 119 and 23 respectively, both also at an applied potential of --0.2 V, because the optimal adsorption strength of H~2~ for the reaction occurred at --0.2 V. Despite the maturity of this promotional method, more efforts need to be undertaken to combine catalyst materials design with NEMCA and to prove the scalability and economic feasibility for industrial applications.

While it is common to apply electric potentials to catalyst surfaces for promotion purposes, external electric fields have been used significantly less frequently. Inspired by MoS~2~-based transistors, where applying an electric field reduces contact and sheet resistance, using an electric field was developed to be a viable method to enhance electrocatalytic activity. The enhancement of the hydrogen evolution reaction (HER) has been realised using a back-gated electrode setup where an electric field normal to the electrode surface is generated by applying a back-gate voltage ([Fig. 4D](#fig4){ref-type="fig"}). Electrode materials based on transition metal dichalcogenides like MoS~2~ or VSe~2~ are widely employed for the HER and are also used to investigate field modulation. Using MoS~2~ nanosheets and voltages up to ±5 V, the overpotential for achieving current densities of 100 mA cm^--2^ was reduced from 240 mV without an external electric field to 38 mV under 5 V gate bias in 0.5 M H~2~SO~4~ which was very close to 25 mV of Pt without field enhancement. Decreasing Tafel slopes from 200 mV dec^--1^ without an external field to 110 mV dec^--1^ with 5 V gate voltage further confirmed the significantly enhanced catalytic activity. The channel conductivity increased from 0.0073 S m^--1^ (--5 V) to 0.1776 S m^--1^ (5 V) which was assumed to be the main reason for the gate bias enhanced activity.[@cit47]

Similarly, electric fields were reported to reduce overpotentials for the HER on VSe~2~ nanosheets from 126 to 70 mV between 0 and --1 V almost comparable with that of Pt (54 mV) at 10 mA cm^--2^. Tafel slopes decreased from 70 to 59 mV dec^--1^ with a 0.5 M H~2~SO~4~ solution. This pronounced enhancement effect was ascribed to the optimization of adsorption/desorption processes demonstrated by charge transfer resistance which changed from 1.03 to 0.15 MΩ similar to what was reported in a previous study. Furthermore, the time constant of the adsorption process decreased from 2.5 × 10^--3^ to 5.0 × 10^--4^ s indicating enhanced adsorption upon applying a gate voltage as low as --1 V.[@cit48] Based on theoretical calculations, both facilitated charge injection and changes in the adsorption energy of atomic hydrogen on different MoS~2~ sites have been predicted upon application of electric fields as strong as ±0.8 V Å^--1^.[@cit49] Sulphur vacancies were not affected by external electric fields as strongly as other sites.[@cit50] In contrast to this, a recent study on MoS~2~ monolayer electrodes correlated the electric field enhancement to increased Mo--H bond strengths. Overpotentials for achieving current densities of 10 mA cm^--2^ were reduced from 388 ± 9 to 176 ± 27 mV with gate voltages between --40 and 100 V ([Fig. 4E](#fig4){ref-type="fig"}) with a decrease of the corresponding slopes from 164 (--40 V) to 100 mV dec^--1^ (100 V). DFT calculations suggested that the hydrogen adsorption energy correlated well with the experimental activity enhancement due to electric fields. The lack of conductivity enhancement observed previously was ascribed to the use of MoS~2~ monolayers instead of nanosheets consisting of multiple layers.[@cit42]

Although conclusive experimental and theoretical evidence is presented for different hypotheses, a unifying picture is still missing. Besides the size and dimensions of the electrode material used, the device geometry and dimensions seem to govern the activity and the enhancement effect by electric fields significantly. Vastly different reported Tafel slopes even for the same material indicate that even the rate-determining step might be different and the extent of enhancement with different applied gate voltages is dissimilar among different studies. This possibly makes the comparison of field enhancement effects between the different studies meaningless. Careful comparison of different catalyst materials in the same back-gated electrochemical device should yield clear answers to many of those remaining questions. Scanning Tunnelling Microscopy on organic molecules has been employed previously to investigate the effects of electric fields for simple chemical reactions[@cit51],[@cit52] -- a method that should be explored as well for heterogeneous catalysis research. Moreover, DFT calculations have suggested that electric fields can enhance a range of different reactions such as CO oxidation, methane steam reforming, the oxygen reduction reaction or even enzyme-catalysed reactions[@cit3],[@cit53]--[@cit57] but conclusive experimental studies are still required to prove the wider applicability of electric fields in heterogeneous catalytic reactions.

3.3. Strain effects
-------------------

Strain effects, referring to the contraction or expansion of a metal structure beyond its common lattice parameters, are commonly used to alter the catalytic activity of metal surfaces. This can be achieved by coating a host metal with layers of a catalytically active metal where the lattice mismatch leads to strain on the surface. This strain modifies the electronic properties like the d band centre of materials and thus the activity and/or selectivity for electrocatalytic CO~2~ reduction, the HER and the oxygen reduction reaction among others.[@cit58]--[@cit62] A rigorous analysis of the mechanic implications of strain effects revealed that they offer one explanation how scaling relationships in heterogeneous catalysis can be overcome by mechanic stress. Binding of adsorbates on metal surfaces will inevitably lead to eigenstress -- a deformation caused by adsorbate--metal interactions. Depending on whether this is compressive or expansive stress, an additional external stress will make the binding either stronger or weaker. It was shown that although overall adsorption energy differences are in the range of 0.1--0.2 eV different intermediates for the same reaction exhibit different kinds of eigenstress and thus will be affected by isotropic external strain in varied ways resulting in a loss of linear correlation between adsorption strengths. The application of uniaxial, anisotropic strain on the surface leads to compression or extension in one direction but also will cause a Poisson response which is orthogonal and usually opposite in sign to the initial strain ([Fig. 5A](#fig5){ref-type="fig"}). Since for most associative and dissociative reactions, the adsorbates are at different locations during the initial and transition states, the energies of both states are affected dissimilarly by anisotropic stress. In the extreme case with opposite eigenstress of initial and transition states, anisotropic strain increases the energy of one state while lowering the energy of the other ([Fig. 5B](#fig5){ref-type="fig"}). It was shown specifically for the self-diffusion of Pt atoms on a Pt(100) surface that upon application of uniaxial strain transverse diffusion follows scaling relationships while the initial and transition states for inline diffusion exhibit opposite effects with regard to the application of strain ([Fig. 5C](#fig5){ref-type="fig"}).[@cit63] Although this was independent of facets on ideal flat surfaces, most active sites are believed to be non-terrace sites -- a situation where the anisotropic strain effect prediction may no longer hold true. This proposed effect was shown experimentally for the dissociation of N~2~ where the catalytic cycle was closed by cyclic strain engineering.[@cit64] However, further experimental evidence for the violation of scaling relationships due to anisotropic strain should be provided to clarify the effects of eigenstress compared to more conventionally accepted electronic effects. Recent studies also suggested that applying a dynamic strain to a gold surface affected the induced electrochemical current significantly indicating that strain can modify charge carrier diffusion across electrochemical interfaces.[@cit65]

![The application of uniaxial compression on a surface (A) leads to a change in the energy levels (B) between the initial (IS) and the transition state (TS) resulting in the breaking of traditional scaling relationships (C), reproduced from [@cit63] with permission from Springer Nature, copyright 2018.](c9sc05947d-f5){#fig5}

3.4. Magnetic field
-------------------

It is known that electronically conducting materials are heated up by rapidly changing magnetic fields. This local heating effect has been used for water electrolysis[@cit66] and hydrodeoxygenation of aromatic ketones.[@cit67] Magnetic field effects on the chemical kinetics of fundamental reactions have been extensively studied[@cit68] but most reports on catalytic activity promotion due to magnetic fields beyond pure thermal effects have only emerged relatively recently. Earlier studies on the promotion of chemical and biocatalytic reactions under a permanent magnetic field focused on the mass transfer enhancement across the catalyst--electrolyte interface. In the case of a magnetic field parallel to the planar electrode surface, the magnetohydrodynamic effect accounts for a decrease in the diffusion boundary layer thickness at the working electrode caused by the flow tangential to the electrode surface by Lorentz forces on moving ions. The diffusion coefficients of electroactive species have been determined to remain unchanged and thus overall electrode performance was enhanced when operating in a mass-transfer limited regime.[@cit69],[@cit70] Meanwhile, magnetic fields also induce the preference of one particular spin state over the other called the Zeeman effect, which is of use for analytical techniques like NMR, MRI, EPR and Mössbauer spectroscopy. In reactions in which the angular momentum is not conserved, that is, reactions where the total spin of the substrates and products is different, large activation barriers are observed. This applies not only for simple processes like sorption and dissociation[@cit71] but also is the case for processes as complex as the electrocatalytic splitting of water, where most of the energy input is required for the generation of magnetic ^3^O~2~ from nonmagnetic water. Based on DFT calculations, the RuO~2~ (110) surface -- a particularly active catalyst for water splitting -- carries magnetic moments which enable angular momentum conservation during O~2~ evolution so that ^3^O~2~ is produced with an energy of around 116 kJ mol^--1^ lower than what would be required for the generation of ^1^O~2~. This hints at a wider range of magnetic materials applicable for reactions which would otherwise violate angular momentum conservation.[@cit72]

Applying a permanent magnetic field in different positions relative to a water splitting electrode based on various magnetic metal oxide materials enhances the current density up to ∼100% ([Fig. 6A](#fig6){ref-type="fig"}). A strong correlation between the magnetic current and the bulk magnetization was found and thus it was assumed that local spin polarization is the main reason for the enhanced water electrolysis activity. Experiments revealed that the enhancement effect was immediate and fully reversible upon adding or removing the magnet indicating that no permanent changes in the catalyst structure occurred in a permanent magnetic field. Based on DFT calculations on different antiferromagnetic (antiparallel spin of two adjacent Ni ions) and ferromagnetic (parallel spin) domains of NiO, the magnetic field was assumed to be favouring the local spin alignment. After the oxidation of two OH^--^, the product O~2~ is produced in the significantly more stable triplet state ([Fig. 6B](#fig6){ref-type="fig"}).[@cit73] Considering the simplicity and the essentially net zero additional energy input, static magnetic fields have a great future in enhancing catalytic activities. From the materials science perspective, coating a chiral dye sensitizer on a graphite electrode was sufficient to suppress the formation of H~2~O~2~ during photoelectrochemical water splitting. This was ascribed to the generation of OH radicals with parallel spin when chiral instead of racemic sensitizers were used which will make the direct coupling of OH radicals impossible. This approach -- although not promotional (by our definition) in nature -- could open interesting avenues towards modifying the reactivity and selectivity of electrode surfaces.[@cit74]

![(A) Application of a static external magnetic field enhances the water splitting activity of a NiZnFe~4~O~*x*~ electrode significantly with a dependence on the location and direction of the magnetic field relative to the electrode; (B) simplified mechanism of the water splitting reaction and the assumed effect of an external magnetic field on the spin-switch of adjacent nickel atoms, reproduced from [@cit73] with permission from Springer Nature, copyright 2019.](c9sc05947d-f6){#fig6}

Despite the promising initial studies, key questions remain about the nature of magnetic promotion in heterogeneous catalysis. Studies have so far focused on electrochemical reactions where the transfer of single electrons and radical coupling reactions are common but similar effects may occur for thermal reactions when organic or metal-centred radicals are involved. Thorough analyses of the effect of the magnetic field direction and field strength are vastly missing although the position of magnetic field lines relative to the catalyst is reported to be relevant.[@cit73] Studies on model catalysts or ideal surfaces will shed light on both the effects governing the activity enhancement caused by magnetic fields and the effects on the level of elementary steps. The possibility of directly favouring certain spin orientations in adsorbates should also be explored. Furthermore, the reaction should include unpaired fermions (*e.g.* electrons or protons) whose spin can be directed by external magnetic fields if the overall kinetics are not dominated by mass transfer effects.

4.. Dynamic catalyst activation
===============================

Heterogeneous catalysis is conventionally limited by what is described by the Sabatier principle, where it is stated that an adsorbate must neither bind too strongly nor too weakly on an active site. This implies that a single static catalytic site cannot exceed a maximum rate. In theory, an active site that is oscillating between two different electronic states with a sufficiently high frequency and amplitude should be able to overcome the maximum activity commonly referred to as the Sabatier maximum, as has been recently proposed by Dauenhauer and co-workers as dynamic heterogeneous catalysis.[@cit2] When considering a simple reaction of *A* being converted into *B* on a catalyst surface, only two adsorbates *A*\* and *B*\* and the transition state between those two exist. According to the Brønsted--Evans--Polanyi (BEP) principle, changing the adsorption energy of *A*\* should also affect the energy barrier between *A*\* and *B*\*, as described by the linear-scaling parameter α between the enthalpy of the surface reaction and the activation energy. When this is done statically, the desorption of *B*\* will eventually become the rate-limiting step and thus the total turnover frequency (TOF) is not enhanced. If, after the conversion of *A*\* into *B*\* over a low energy barrier, the energy of *B*\* is elevated again, the desorption becomes more favourable. With the repetition of this cycle ([Fig. 7A](#fig7){ref-type="fig"}) at a certain suitable resonance frequency, the overall catalytic activity can be elevated above the Sabatier maximum. The enhancement of this generic chemical reaction has been shown by kinetic modelling to be in the range of a few orders of magnitude. When applying dynamic electronic catalyst modifications with a frequency below the average TOF, the reaction rate is in fact lower compared to the static optimum. At higher frequencies, however, the TOF is predicted to increase significantly up to a threshold frequency upon which the reaction rate is predicted to return to the static optimum value ([Fig. 7B](#fig7){ref-type="fig"}).[@cit2]

![(A) Schematic description of dynamic heterogeneous catalysis in the *A*-to-*B* reaction where the adsorption energies of *A*\* and *B*\* can oscillate between state 1 and state 2; (B) average turnover frequency of a catalytic reaction exposed to a dynamic field with a given frequency and a waveform amplitude of 0.6 eV at 150 °C and 100 bar, reproduced from [@cit2] with permission from the American Chemical Society, copyright 2019; (C) colour scale of different *γ* values related to (E); (D) linear scaling between the binding energies of *A*\* and *B*\* with slope *γ* and common point *δ*; (E) turnover frequency to produce *B* depending on the relative binding energy of *B* at different *γ* values (conditions: *Y*~B~ ∼1%, *P* ∼100 bar, *T* ∼150 °C, *α* ∼0.6, *β* ∼102 kJ mol^--1^, and *δ* ∼1.4 eV), reproduced from [@cit75] with permission from the Royal Society of Chemistry, copyright 2019.](c9sc05947d-f7){#fig7}

In a non-generic reaction system, the binding energies of two adsorbates *A*\* and *B*\* will not exhibit the same variation in binding energies upon introducing an electronic catalyst modification. Therefore, the kinetic model must be extended to account for additional reaction parameters to include the ratio between the relative binding energies of *A*\* and *B*\*, *γ,* under dynamic field variation. *β* indicates the intercept of the BEP curve and *δ* defines the point of electronic variation of the catalytic site where the binding energies of *A*\* and *B*\* are identical ([Fig. 7D](#fig7){ref-type="fig"}). Balandin--Sabatier volcano plots with varying *γ* values ([Fig. 7C](#fig7){ref-type="fig"}) are depicted in [Fig. 7E](#fig5){ref-type="fig"}, illustrating a pronounced effect of this parameter on the TOF to produce B. For *γ* \> 1, the energy of *B*\* decreases faster than that of *A*\*, accompanied by a decrease in activation energy. The increased binding energy of *B*\* thus results in an increased TOF. The effects of the adsorption energy of *B* on the TOF are more intricate for *γ* \< 1 where for binding energies of *B* below --0.4 eV, the reaction becomes adsorption-controlled. Higher binding energies of *B* of --0.4 to 0.2 eV and above 0.2 eV make the reaction desorption- and surface reaction-controlled respectively ([Fig. 7E](#fig7){ref-type="fig"}).[@cit75] Although this proposed strategy for enhancing the reaction rate of catalytic sites may open exciting new avenues in heterogeneous catalysis research, experimental validation for the predicted enhancements is urgently required.

5.. Conclusion and outlook
==========================

Advances in the field of promotion methods for heterogeneous catalysis are promising. Nonetheless, more efforts are required to gather understanding about the underlying physics and chemistry of the processes. In an attempt to provide a unified view on those distinct promotion strategies, we have compared the methods described above in [Table 1](#tab1){ref-type="table"} regarding the achieved reaction rate and selectivity enhancements as well as the predicted adsorption energy differences for molecules on the catalyst surface. The rate enhancements for most auxiliary methods are around one order of magnitude except for the electrical potential method which has been proven to accelerate reaction rates by up to two orders of magnitude. Applying an electrical potential also seems to be the most effective way to alter the adsorption energy of a substrate by up to 1 eV, while electric field and mechanic stress-induced adsorption energy changes are often within 0.2 eV. With regard to recently proposed dynamic heterogeneous catalytic enhancement, we estimated the time scale on which those methods can potentially work. Combining requirements for adsorption energy differences and the frequency at which the electronic structure of the catalyst can be switched based on previous reports, mostly three, namely electric field, potential and mechanic promotion, should be considered.

###### An overview of different promotion methods with several key performance parameters relevant to heterogeneous catalysis; \* non catalytic reaction rate enhancements due to pure plasma effects are ignored here; N.A. not applicable; N.D. not determined

                                                 Common reaction rate enhancements   Achieved selectivity enhancement                                                 Adsorption energy difference \[eV\]   Possible time scale \[s\]     Possible spatial resolution \[m\]
  ---------------------------------------------- ----------------------------------- -------------------------------------------------------------------------------- ------------------------------------- ----------------------------- -----------------------------------
  EM waves                                       Up to 11 ([@cit12])                 Change in silyl bond cleavage regioselectivity ([@cit11])                        N.A.                                  N.A. for VSC                  ∼10^--5^ VSC (ref. 11)
  10^--12^ to 10^--15^ for EM waves in general   10^0^--10^--15^ for EM waves                                                                                                                                                             
  Plasma                                         1--2\* ([@cit5])                    Selectivity profiles severely affected in plasma processes                       N.A.                                  N.D. For thermal plasmas      Up to 10^--4^ ([@cit79])
  Electric potential                             Up to 150 ([@cit46])                Massive changes for many electrophobic and electrophilic reactions ([@cit7])     0.5--1 ([@cit80])                     Up to 10^--10^ ([@cit82])     Up to 10^--10^ ([@cit84])
  Electric field                                 5 ([@cit42])                        N.D.                                                                             0.1--0.2 ([@cit42])                   Up to 10^--11^ ([@cit85])     10^--7^-10^--6^ ([@cit86])
  EM waves                                       10--12 ([@cit30])                   Preferential oxidation of CO over H~2~ ([@cit87])                                N.D.                                  Up to 10^--14^ ([@cit88])     10^0^--10^--15^
  Magnetic field                                 2--3 ([@cit73])                     H~2~O~2~ formation suppression for electrochemical water splitting ([@cit74])    N.D.                                  Up to 10^--10^ ([@cit89])     Up to 10^--6^ ([@cit89])
  Mechanic                                       6--10 ([@cit90])                    Higher C-number products from CO~2~RR on Cu electrodes ([@cit91] and [@cit92])   0.1--0.2 ([@cit63])                   10^--4^--10^--3^ ([@cit93])   10^--5^--10^--4^ ([@cit94])

Beyond offering additional avenues to enhance catalytic activity, the effects of promotional methods enable us to learn more about structure--activity relationships, providing insights into enhanced materials design. Being able to promote catalytic activity on a very small area of the catalyst surface would be beneficial for systematic fundamental studies and thus, potential spatial resolution achievable with various promotional methods is also summarized. It becomes obvious that current research on these methods is far away from the reported physical time and length scales, indicating huge potential for future research. Care must be taken, however, to avoid the so common over-promise and under-deliver pitfall, especially regarding the scalability and economic viability of those approaches. As far as we are aware, only for plasma and electric potential promotion, scalability to some extent has been demonstrated.[@cit5],[@cit76] Promotional methods based on other phenomena, in particular waves such as electromagnetic and sound waves, deserve more research.[@cit77],[@cit78] With continuing efforts in improving fundamental understanding, we should strive to include promotional methods into the common repertoire of catalysis research.
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